INTRODUCTION
Effective management of a groundwater system requires the description and prediction of the transport and fate of contaminants in that system. The contamination of groundwater is a serious problem because groundwater supplies a large portion of drinking water supplies in the United States. Among the organic pollutants of groundwater, pesticides have received growing concern, especially in agricultural regions.
Atrazine is a heavily used herbicide in corn production and used as a selective pre-and post-emergence herbicide for the control of broad-leaf and grassy weeds in many other agricultural crops.
Atrazine was chosen as the subject material in this study because attention has been focused on it recently as the most commonly detected pesticide in groundwater, especially in Iowa (IDNR, 1990; Hallberg, 1989) . Based on State-Wide Rural Well-Water Survey (SWRL) (IDNR, 1990) findings, the proportion of wells contaminated with atrazine, state-wide, lies between 6% and 10%. And the occurrence varies regionally from 4% of wells in northeastern Iowa, to over 18% in northwest Iowa. Shallow wells (< 50 ft) show a higher probability of atrazine concentration. The mean concentration of detection was 0.90 JJQII. It was also detected in 0.6% of the wells state-wide at concentrations exceeding the Lifetime Health Advisory Level of 3 //g/f, as established by the EPA. It has not been proven that atrazine is a carcinogen (DNR, 1990 , Hallberg, 1989 . But, atrazine in drinking water may increase the risk of cancer in humans. Other potential adverse health effects include tremors, changes in organ weights, and damage to the liver and heart.
The possible sources of pesticides contamination of groundwater include agricultural application, accidental spills, back-siphoning accidents, and improper (Weber, 1972, p. 207) Equation (2) plotted on log-log paper will give a straight line. The value of K F can be determined by the intercept (when C e is 1) and n comes from the slope of the line.
The linear isotherm is the simplest modeling approach, in which the distribution of solute between the soil and water is expressed as linear q e = K p Ce (3) where K p is the partition coefficient. (Sabljic, 1987) . Another advantage of this approach is that it simplifies computer simulation modeling (Rao and Davidson, 1979) .
Actually, much research has shown that the adsorption behavior of a broad range of organic compounds exhibit the linear isothermal relationship (Means et al., 1980; Chiou et al. 1983 , Crittenden et al., 1986 Clay et al., 1988, Davidson and Chang, 1972) . Among those studies, Davidson and Chang (1972) started with a Freundlich model to get 1/n as 0.97, almost unity, and then assumed unity.
On the other hand, it has been strongly suggested that organic compounds, including pesticides, follow Freundlich type isotherms (Rao and Davidson, 1979; Weber and Miller 1988) . Examination of the experimental concentration ranges gives the idea that the research papers which revealed linearity worked on the ranges below 1,000 fjg/t, or at most 2,000 fjg/t as in the Davidson's (1972) , and they could be compared with those of Rao and Davidson (1979, < 50 ,000 jjg/t). But, even in the Rao and Davidson's (1972) isotherm it is apparent that there exists linearity below concentrations of 1,000 yg/t.
For both linear and Freundlich isotherms, it is clear that extrapolation can lead
to large errors in adsorption estimates.
For low concentrations, the linear isotherm is used for its convenience.
Karickhoff ( For atrazine especially, they obtained a K p value of 7.07 with units of mi/g and a K oc value of 216 with the same units.
Clay et al. (1988) determined the effect of soluble soil organic carbon (SSOC)
during atrazine and cyanazine desorption equilibration and found that SSOC has no effect on those compounds hysteretic behavior. They proposed irreversible bonding of a metabolite as the major cause of the observed atrazine and cyanazine hysteresis.
MATERIALS AND METHODS

Till samples
The samples used in this study were Wisconsin aged oxidized glacial till collected from the saturated zone at the 6.5 -9 foot depth at the ISU Agronomy/Agricultural Engineering farm near Boone using a Shelby tube. The sample was homogenized for the batch tests.
The composite material was analyzed using standard methods (Das, 1982) for the physical characteristics; moisture content by the difference after drying at 105°C -110°C in the oven, grain size by sieving, and density by a mass per volume displacement method. The fraction of organic carbon content was determined by colorimetric determination of the chromous green color after digestion with sulfuric
acid (Eik, 1988). Surface area was measured by the EGME (Ethylene Glycol Monoethyl Ether) technique presented by Heilman et al. (1965).
The parameters determined for the sample are summarized in Table 1, Table 2 .
Experimental solutions were comprised of distilled-deionized nano pure water and optima grade (Fisher Scientific) acetone, hexane and methylene chloride for gas chromatography (GC) operation. 
(%) jeuy iu0OJ8d The K-D apparatus was placed on a hot water bath, 65 -70°C, so that the concentrator tube was partially immersed in the hot water and the entire lower rounded surface of the flask was bathed with hot vapor. 15-20 min was required to reduce the apparent volume of liquid to 1 ml. Then the K-D apparatus was allowed to stand at room temperature until it cooled down completely.
50 ml of hexane and a new boiling chip were added. The temperature of the water bath was increased to about 80°C. During evaporation of hexane, the evaporative flask and the Snyder column was wrapped with a good insulator to keep the process going on. When the mouth of the Snyder column became fully dry, the K-D apparatus was removed from the bath and allowed to stand for 10 min.
The volume of liquid was adjusted to exactly 2 ml by blowing argon gas or adding hexane. The concentrated sample was transferred to a vial with a teflon taped cover and stored in a refrigerator.
For desorption isotherm, the 40 ml aliquot of supernatant removed for adsorption determination was replaced by 40 ml of nano pure water. During the centrifuge, the soils coagulated strongly to make soil cakes. The flasks were shaken by hand first to break and disperse the soil cake, then shaken for 24 h as previously described, and recentrifuged. The desorption equilibration process was repeated three times. The other processes for extraction and analysis were the same as described above.
A Perkin Elmer sigma 1 gas chromatograph (GC) was used to determine the concentration of each sample with a nitrogen/phosphorous (N/P) thermionic detector in the nitrogen mode. The gas column utilized was 1.8 m long x 2 mm (inside diameter) and was packed with 5% Carbowax 20M-TPA Supelcoport (80/100 mesh).
During GC operation, the injection temperature was 250°C, the oven temperature was 200°C, the carrier gas was helium, the carrier flowrate was 30 ml/min and the sample injection volume was 5.0 pi. For these operating conditions, the peak detention time for atrazine is 13.2 min. For the 40 mi original sample size, the detection limit for atrazine was 0.5 pglt-
Standard curves and recovery efficiency
The peak intensities from GC were calibrated with standard curves obtained as follows. Standard curves were made with eight standard solutions in acetone to cover the lowest and the highest concentrations of the batch tests.
To estimate the recovery efficiency, four concentrations of 1,000 pgli, 500 pglt, 250 pgli and 100 pgli of atrazine solutions were analyzed following the extraction and concentration procedure used in the batch tests.
RESULTS AND DISCUSSION
Recovery efficiency
The recovery factor was assumed to be constant and obtained from a linear regression of the data, as shown in Figure 5 . A zero-intercept in the curve was also assumed. Within the concentration range of the experiment, this assumption appears to be valid statistically (R 2 = 0.99). The plot was made for concentration expected vs concentration observed. Then the slope was the efficiency of the GC method.
The recovery efficiency was obtained as 89 ± 1 %. Because the recovery error limit was large, the numbers obtained in this study should be taken to be as an estimated range.
Adsorption
The adsorption of atrazine on the tills followed linear adsorption isotherms for the original concentration range of 50 yg/t to 1,000 jjg/i of atrazine. The Kp and n values of the Freundlich isotherm equation were calculated as follows:
log K F = -3.56 ± 0.17 (mf/g) 1/n = 0.93 ± 0.14 or 0.00019 < Kp < 0.00041 (mf/g) 0.93 < n < 1.27
where the unit of the amount of atrazine adsorbed was in //g/g and, equilibrium
concentration, in/zg/J. Within the statistical error limit, the n-parameter could be considered as unity. The result and the isotherm curve are represented in Table 3 and Figure 6 , respectively. The data points are scattered broadly along the isotherm line. This is because the batch tests used a very low concentration range. In the 
0 CO cc 0 00 CO 1 1-cc decreasing K F 's from surface to subsurface. Sabatini (1989) worked with the low organic carbon content soils to get a K p value of 0.40.
The till sample in the present study was from the subsoil (6.51 -9 ft) so it contained a very low organic carbon fraction (0.00267). The K p value of 0.18 from this study is low, as expected by the low organic carbon fraction. This implies that atrazine is not significantly retained by soil solids at this depth and, therefore, subject to potentially significant groundwater transport.
Desorption
The results of the desorption isotherms are summarized in Table 6 Figure 9 . The discrepancy between the two isotherms exhibited an expected hysteresis. In general, hysteresis of atrazine is common on soil desorption [ §/ §UI £-a()l x ] U0IJBJJU8DU03 3SBl|J piJOg 
If the average linear velocity is divided by the retardation factor, it results in the Equation (7). As a conclusion of this study, the velocity of the solute front in Equation (7) will be roughly estimated. The hydrogeology and details of the study site was not measured for this study. It is estimated that the hydraulic conductivity (K) ranges from 1 x 10' 4 cm/s to 1 x 10' 3 cm/s. The hydraulic gradient dh/di has values between 0.02 and 0.04. The porosity is calculated from the bulk density and particle density to get 0.33. The distance atrazine can travel in one dimension is from 1.0 x 10 2 cm/yr to 2.0 x 10 3 cm/yr. Using retardation factor 1.97, the calculation was summarized in Table 7 . Table 7 The linear velocity of atrazine in the groundwater in the oxidized till is estimated to range from 100 cm/year to 2,000 cm/year.
